Abstract-A study of strained InGaAs quantum wells grown on GaAs by molecular beam epitaxy was performed in order to optimize the growth conditions for strained-layer single-and multiple-quantum-well lasers. Photoluminescence of the quantum wells show a rapid degradation in material quality as the substrate temperature is reduced below 500°C. ?inglequantum-well (SQW) laser structures contain a 55 A 35% InGaAs quantum well, while multiple-quantum-well {MQW) lasers contain four 25% or 35% JnAs mole fraction 55 A quantum wells. The 35% SQW lasers emit at 1.06 pm, while the 25% InGaAs MQW lasers emit at a wavelength of 995 nm and the 35% MQW lasers emit at 1.07 pm. The SQW lasers have threshold current densities as low as 83 A/cm2 for 150 X 1000 pm devices. Microwave modulation bandwidths increase with an increasing In mole fraction and number of quantum wells, as predicted by theory. A differential gain of 5.0 x lo-'' cmz is calculated from the microwave response measurements for the 35% MQW devices, and it is more than 16 times greater than values reported for InGaAsP bulk lasers. The -3 dB bandwidth of 10 X 200 pm 35% MQW devices exceeds 15 GHz, and it is the highest continuous-wave direct-modulation bandwidth reported for a quantum-well laser.
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I. INTRODUCTION ATTICE mismatched heteroepitaxy has received con-L siderable attention since it provides increased flexibility for bandgap engineering. Strained quantum wells have been used to vary the bandgap of the active region of semiconductor lasers [ 11- [6] , thereby permitting lasing at previously unattainable wavelengths. Applications for these devices include optical pumping of solid-state glass lasers and doped optical fiber amplifiers. Moreover, recent studies have shown that the biaxially compressive strain produced in strained-layer GaAs-GaJn, -AsGaAs quantum wells leads to splitting of the light and heavy valence bands and a lowering of the hole mass parallel to the junction [7] , [8] . old current that results from the lower density of states in the valence band has been theoretically predicted [9] -[ 111 and experimentally verified [ 121.
In addition, the lighter hole mass has been predicted to result in an increase in the relaxation oscillation frequency (fo) and the -3 dB modulation bandwidth compared to lasers containing unstrained quantum wells [ 1 I]. Although single-quantum-well strained-layer lasers have demonstrated improved modulation bandwidths [ 121, ultrahigh-bandwidth devices with very short cavity lengths produced by dry etching techniques [13] require the development of multiple-quantum-well (MQW) strainedlayer structures. The increase in the number of quantum wells in an MQW laser provides the additional gain needed to overcome the relatively high mirror loss for short cavity length devices. In this paper, the growth and fabrication of strained-layer GaAs-InGaAs-AlGaAs graded-index separate-confinement heterostructure (GRIN-SCH) single-quantum-well (SQW) and multiplequantum-well (MQW) lasers and the measurement of their threshold current and microwave modulation bandwidths will be described.
11. GROWTH STUDY A study of strained InGaAs quantum wells grown on GaAs by molecular beam epitaxy was performed in order to optimize the growth conditions for strained-layer single-and multiple-quantum-well lasers. It has been well established that InGaAs grown on GaAs tends to cluster, segregate, and desorb at substrate temperatures over 500°C [14] , [ 151. Therefore, low substrate temperatures are desirable to ensure composition control and reproducible material quality. The effects of low-temperature growth were studied to determine if improvements in quantum-well quality could be obtained, as measured by photoluminescence spectroscopy. All growth temperatures reported are determined using a thermocouple in contact with the substrate block as a reference value for temperature control. First, the congruent sublimation temperature T,, (where Ga and As desorb at the same rate) of each substrate/block combination is found using reflection high-energy electron diffraction (RHEED). T, for GaAs is assumed to be 64O"C, and all subsequent temperatures are set relative to it using the thermocouple. The accuracy is approximately 10" C at 500-700 "C, and drops off as the desired temperature becomes farther away from Tcs.
Four wafers were grown with the structure shown in Fig. 1 with a substrate temperature of either 500, 450, 400, or 350°C during growth of the quantum wells, and a substrate temperature of 580°C during the growth of GaAs. Growth was interrupted for 2 min before the quantum well in order to obtain a smooth interface and allow for the substrate temperaturt to change. After the quantum well was grown, a 30 A GaAs layer was deposited at the quantum-well growth temperature, and another 2 min growth interruption was performed to allow the second interface to smooth and the substrate temperature to increase back to 580°C for growth of GaAs. Fig. 2 contains a typical transmission electron micrograph (TEM) for the structure which shows the smooth interfaces and dislocation-free material obtained.
Photoluminescence measurements were performed to evaluate the effect of growth conditions on quantum-well properties. Fig. 3 shows two 4 K photoluminescence spectra for samples grown at 500 and 400°C. The linewidths are as narrow as 2.4 meV for the 10% InGaAs quantum well grown at 500°C. The photoluminescence from the samples grown at 450 and 350°C was too weak to measure. The explanation for this nonmonotonic decrease in photoluminescence intensity with decreasing substrate temperature is not readily apparent, although it has also been observed for InGaAs quantum wells grown on InP [16] . Nevertheless, as the substrate temperature during the growth of the InGaAs quantum wells is decreased, the photoluminescence intensity decreases rapidly and the peaks broaden. Increased linewidths at lower substrate temperatures have been attributed to interface roughening [ 171, which occurs because the surface mobility of group I11 atoms decreases, to increased impurity incorporation, and to strain relaxation [18] . Since the photoluminescence intensity decreases rapidly at temperatures below 500"C, and it has been shown that desorp- 
Wavelength (nm)
11001050 1000 950 900 850
. .
FWHM (mev):

5.4
400 "C I *; In all cases, the GaAs is grown at 580"C, and 2 min growth interruptions are employed to change the substrate temperature.
tion and clustering occur at temperatures above 500°C
[14], [15] , the window for the optimal growth of InGaAs on GaAs appears to be centered at 500°C. The stability of strained-layer devices is often questioned because the material is in a metastable state. To determine the relative stability of layers grown at different temperatures, the samples previously described were subsequently annealed at 700, 800, and 900°C for 15 s with a proximity cap. This postgrowth anneal dramatically increased the photoluminescence efficiency for the samples grown at lower temperatures, as shown in Fig. 4 . In addition to increasing the photoluminescence intensity, annealing decreased the linewidths for the samples grown at 500, 450, and 400°C. Although the samples grown at 350°C showed the most improvement in photoluminescence intensity, they exhibited a large shift in peak energy and increased linewidths. This may be attributed to disordering of group I11 atoms [ 161 due to increased vacancy incorporation in the samples grown at lower substrate temperatures. In addition, it is also possible that the annealing caused the layers to partially relax. Since the 500°C samples had the highest photoluminescence efficiencies and the narrowest linewidths, even after annealing, all of the InGaAs quantum wells in the following device structures were grown at a substrate temperature of 500°C. ~m -~) grown at 580"C, a 1500 A Si-doped region (n = 2 X 10I8 cmr3) grown at 710°C graded to Alo.7Gao.3As, and a 9000 A Si-doped A10,,Gao,3As lower cladding region (n = 2 X 10I8 ~m -~) grown at 710°C; 2) a GRIN; SCH active region consisting of an undoped 2500 A 25% and 35% InGaAs MQW Lasers A1,GaI -,As layer graded from x = 0.7 to x = 0.3 grown at 710"C, four undoped 55 A quantum wells containing either 25 or 35% Ia,Ga, -,As grown at 500°C surrounded by undoped 25q A GaAs layers grown at 580"C, and an undoped 2500 A A1,Gal -,As layer graded frpm x = 0.3 to x = 0.7 grown at 710°C; and 3) a 9000 A Be-doped Alo,7Gao,3As upper claddingdegion ( p = 2 X 10l8 ~m -~) grown at 710"C, a 1500 A Be-doped layer graded to GaAs ( p = 2 x 10" ~m -~) grown at 710"C, and a 1000 A Be-doped GaAs cap ( p = 2 x loi9 $mP3) grown at 580°C. The SQW laser ccptains one 55 A Ino.35Gao.6sAs surrounded by two 250 A GaAs layers, each grown at 580"C, and the two Alo,7G%,3As cladding regions are 4500 A thick. For all lasers, the growth rate for GaAs was 0.5 pm/h.
GROWTH OF LASER STRUCTURES
Throughout the entire structure, the A1,Gai -,As rcgions were interrupted by thin GaAs layers (290 A A1,Gal -,As, 10 A GaAs). Previous growth studies showed degraded mobilities in modulation-doped field-effect transistors grown on thick AlGaAs buffers due to impurities and defects [20] . Impurities were shown to ride the growing AlGaAs surface and become deposited primarily in the first GaAs layer [21] . Therefore, the A1,Gal -,As regions were grown with frequent thin GaAs regions throughout in order to smooth the growing surface and getter electronically active impurities and defects which could raise the threshold currents of the lasers. Fig.  6 contains a transmission electron micrograph (TEM) of the active region of the Ino,35Gao,65A~ MQW laser which shows the smooth interfaces obtained.
IV. DC DEVICE PERFORMANCE To reduce parasitic capacitances and inductances, the devices were grown on semi-insulating substrates [22] and contacted using a coplanar waveguide microwave probe. This necessitated the development of top surface contacts for both the n-and p-type contacts, as shown in Fig. 7 . The first processing step in the fabrication of the lasers was the formation of simple mesas by wet chemically etching down to the top of the nf GaAs buffer. Cavity widths were produced ranging from 3 to 150 pm. Au /Ge /Ni n-type metallization, which electrically connects the ground probes to the n+ buffer, was then defined by liftoff and alloyed. Next, Ti/Pt/Au p-type metallization was used to contact the p side of the device. After the wafers were thinned, they were cleaved into bars ranging from 200 to 800 pm long.
The 25% InGaAs MQW lasers emit at a wavelength of 995 nm, while the 35% MQW lasers emit at 1.07 pm and the 35% SQW lasers emit at 1.06 pm. When operated continuous wave (CW), the devices emit in either single or multiple longitudinal modes, depending on the bias current and cavity dimensions. The lasers all operate with multiple lateral modes as a result of the large index change at the edges of the mesas. The GRIN-SCH quantum-well structure ensures a single spatial mode in the transverse direction. Multiple spatial modes allow only a fraction of the output power to be coupled into a single-mode optical fiber. Therefore, ridge-waveguide structures have recently been fabricated that emit in a single spatial mode, and the results will be published elsewhere. Fig. 8 contains a plot of power versus current taken under pulsed conditions (3 ps pulses, 1 % duty cycle) for a 150 x 1000 pm 35% InGaAs SQW laser. The device has a threshold current density of 83.1 A/cm2, which is comparable to 1000 pm long devices from a study [23] reporting the lowest threshold current density strainedlayer lasers to date. The differential quantum efficiency for this device is 27 % , although devices with shorter cavity lengths have efficiencies in the range of 50-70%. These efficiencies are comparable to those of other de-
n-contact Active Device n-contact Fig. 7 . An edge-on schematic of the laser structure showing the three mesa ground-signal-ground configuration and the coplanar waveguide microwave probe. Laser Cavity Width (pm) Fig. 9 . Threshold current versus cavity width for 500 p n long 35% SQW, 25% MQW, and 35% MQW lasers.
vices with high In mole fraction quantum wells [24] . devices with large cavity lengths have higher threshold currents and correspondingly higher threshold current densities than the SQW strained layer laser, they show large decreases in threshold current as the cavity length decreases, as predicted by theory [25] . Fig. 10 (1): where where Jth is the current density (A/cmZ), Lopt is the cavity length resulting in the lowest threshold current, L is the cavity length, (Y is the intrinsic optical loss, I?, is the modal confinement factor, Jo and Go are the saturation current and saturation gain as defined in [26] , vi is the internal quantum efficiency, n, is the number of quantum wells, and R is the mirror reflectivity ( R = 0.3 uncoated facets). The slope of the plot of the In Jth versus (In R -' ) / n , L gives the value of (I',G&', and the intercept gives the value of the bracketed portion of (1). The fitted curves for the threshold current used in Fig. 10 are determined by using (1) and (2) and the relation (3) where W is the cavity width, and the constants are determined as described above. Equation (2) predicts a minimum threshold current of 13 mA at an optimal cavity length Lopt of 55 pm for 10 km wide MQW devices. The minimum threshold current for 10 pm wide SQW devices is 14 mA at a cavity length of 217 pm. It can be seen from Fig. 10 that this theory applies to strained-layer quantumwell lasers equally as to the unstrained quantum-well lasers in [25] .
V. MICROWAVE MODULATION RESPONSE
Simple mesa structures were fabricated in order to compare the suitability of the MQW material for microwave modulation, and to compare its performance to SQW strained-layer material and GaAs SQW material. The microwave modulation response of 10 X 400 pm 35% InGaAs MQW laser is shown in Fig. 11 . As the laser power is increased, the characteristic increase and dampening of the relaxation oscillation frequency are observed. Although these devices are relatively large for high-speed modulation, a -3 dB bandwidth of 10 GHz was obtained at a continuous-wave (CW) power of only 5 mW, which was limited by thermal degradation. Fig. 12 shows the relaxation oscillation frequency (fo) versus the square root of optical power for the 35% MQW, 25% MQW, 35% SQW, and GaAs SQW lasers. At a constant optical power, the relaxation oscillation frequency increases as the mole fraction of In and the number of quantum wells are in- The differential gain at the threshold carrier density can be found from thef, versus JP curves by using t b Mlowing relation:
where& is the relaxation oscillation frequency, vg is the group velocity, r is the confinement factor, atot is the total cavity loss (amirror + cyint), and S is the photon density.
This method of determining the differential gain has been used by Rideout et al. [27] . The differential gains for the devices shown in Fig. 12 are compared to results from the literature in Table I . The value of the differential gain for the GaAs SQW device, 3.0 x cm2, is comparable to values reported for other GaAs quantum-well [ 131 and InGaAsP bulk devices [28]. The differential gain for the InGaAs SQW laser is 8.3 x 10-l6 cm2 and is over three times that of the GaAs SQW laser. This value is somewhat below the 1.9 X lo-'' cm2 theoretically predicted by Corzine et al. [29] for a 35% InGaAs 80 A quantum well with A10,20Gao~80As barriers, and slightly higher than the 2.5-7.5 x cm2 measured by Rideout et al.
[27] for a step-graded structure with a 41% InGaAs 48 A quantum well. The differential gain of the two MQW devices is higher than that of the SQW device since gain saturation occurs at higher threshold current densities as the number of wells is increased. As the indium mole fraction is increased from 25 to 35% in the MQW structure, the differential gain increases from 2.2 X lo-'' cm2 to 5.0 X lo-'' cm2, which is a somewhat larger change than is predicted by Corzine et al., but confirms the theoretically predicted increase in the differential gain for higher compressive strains. The intrinsic microwave response of semiconductor lasers has been shown [30] , [31] to follow a function of the form response(w) cc (U; -w2)2 + y2w2 (5) where w/2n is the modulation frequency, wo/2n is the relaxation oscillation frequency, and y is the damping factor. The data in this study fit the intrinsic model extremely well since the parasitic capacitances and resistances have been minimized by the use of semi-insulating substrates and coplanar waveguide probing. For example, a fit of the microwave S parameters of the 35 % MQW 10 X 400 p m device to small-signal circuit model [32] estimates a series resistance of 3.2 Q and a capacitance of 1.0 pF. The damping factors obtained for the device shown in Fig. 11 range from 6.51 X lo9 rad/s at a resonance frequency of 2.22 GHz to 11.45 X lo9 rad/s at a resonance frequency of 6.82 GHz. The inability to determine damping factors at higher optical powers (due to thermal degradation) prevented the calculation of a K factor from the slope of a y versusf; plot. Nevertheless, these damping factors are much smaller at the same resonance frequency than those reported for either InGaAsP bulk lasers [28] or strained InGaAs quantum-well lasers [33] , [34] .
However, a conservative estimate of the K factor can be made by dividing the larger y by the corresponding fi.
This method yields a value of 0.25 ns, which is lower than values reported in the literature.
The -3 dB bandwidths are plotted versus the square root of the optical power for the same devices in Fig. 13 . A change in the active region of a GRIN-SCH laser from a single GaAs quantum well to a single 35% InGaAs quantum well increases the modulation bandwidth at a power of 5 mW from 2 to 4 GHz. When four 35 % InGaAs quantum wells are substituted for the single 35% InGaAs quantum well, the modulation bandwidth at 5 mW is increased to 10 GHz. The 10 GHz bandwidth of these relatively large 10 x 400 pm devices with simple mesas is comparable to the bandwidth of GaAs devices containing 1 pm buried heterostructures and cavity below 200 pm Fig. 14 shows the modulation response of a 10 X 200 pm 35% InGaAs MQW laser which has been mounted p-side up (due to the contact geometry) on a water-cooled heat sink. The heat sink temperature was 18"C, but a large thermal gradient still existed between the junction and the heat sink due to the thermal resistance of the 75 pm thick substrate in the p-side up mounting configuration. As expected, the relaxation oscillation frequency of the 200 pm device is higher than that of the 400 fim device at the same optical power since the threshold gain (gth) increases dramatically while the differential gain remains constant within measurement error (approximately f 10%). A microwave modulation bandwidth of 15.5 GHz was obtained for this device, which is the highest continuouswave (CW) direct-modulation bandwidth that has been reported, to our knowledge, for a quantum-well laser. Moreover, the relaxation oscillation resonance peak has not yet damped out at this bandwidth, which demonstrates that the direct-modulation bandwidth limit for MQW strained-layer lasers has not yet been reached.
In conclusion, growth studies have been shown that the optimal substrate temperature for growth of InGaAs on GaAs by molecular beam epitaxy is 500°C. Single-and multiple-quantum-well strained-layer lasers have been fabricated using these growth conditions. The improved performance of these devices is believed to be due to a separate optimization of the growth conditions for each pm 35% MQW devices exceed 15 GHz, which is the highest CW direct-modulation bandwidth that has been reported, to our knowledge, for a quantum-well laser.
